Introduction
In recent years the conductive properties of deoxyribonucleic acid (DNA) have attracted substantial interest from theoretical as well as experimental point of view [1] [2] [3] [4] [5] [6] [7] . In spite of intensive investigations the nature of the charge transfer mechanism remains unclear. Various measurements suggest both short and long-range charge migration [2, 8, 9] with some indication that the DNA duplex can behave like a one dimensional molecular wire [10] . DC current-voltage (I-V) curves show unusual nonlinear deviations from classical linear dependence described by Ohm's law. Measurements of I-V dependence on double stranded -DNA show existence of a temperature dependent semiconductive voltage gap [11, 12] , which disappears by substituting the imino proton of each base pair with a metal ion. Electrical conductivity measurements have produced a wide range of experimental results associated with the DNA molecule's properties, the conductivity varying from fairly conducting to insulating. Recent reports on metallic [12] , semiconducting [13, 14] , insulating [15, 16] and possibly, at low temperatures, even proximity-induced superconducting [17] behavior of electric conductivity made the situation regarding charge transfer mechanisms in DNA rather confused.
Recent measurements of the conductivity of -DNA in the microwave range [18] and of the conductivity of the native DNA in the optical frequency range [19] show strongly temperature dependent conductivity below room temperature. However, at low temperatures the crossover to weakly temperature dependent conductivity, or almost constant value, occurs [18] .
The temperature dependence of the microwave conductivity follows rather well the Arrhenius law which describes a thermally activated process:
In contrast, it was also shown that the temperature dependence of the optical conductivity could be governed by the ansatz:
* e-mail: cene.filipic@ijs.si which indicates that the variable range hopping could just as well be the dominant conduction mechanism [19] . In order to check the nature of the electrical conductivity in DNA material we performed temperature measurements of the quasistatic and frequency dependent electrical conductivity below 1 MHz on native wet spun calf thymus Li-DNA perpendicular to the long DNA axis. These experiments together with temperature dependent I-V curves effectively complement previously reported high frequency data and our low frequency data obtained parallel to the long DNA axis [7] . We show that the temperature and frequency dependence of the electrical conductivity in the broad frequency range agrees well within the framework of the hopping hole conduction mechanism [5] [6] [7] .
Experiment and analysis of data
Wet-spun oriented samples were prepared from calf thymus Li-DNA (Pharmacia) with a molecular weight of 10 7 (corresponding to a contour length of about 5 mm or some 10 2 persistence lengths of 50 nm) by wet spinning and then drying. The details about the sample preparation were described before [20, 7] . The dried Li-DNA sheets of thickness of about 3-4 mm and surface area between 10 and 20 mm 2 were cut perpendicularly to the orientational axis of the DNA molecules into bulk samples of 6.4 × 4.4 × 3.4 mm 3 that were used in conductivity measurements. Results were also checked on various other sample geometries including 20-80 m thick films with typical lateral dimensions of 5 × 5 mm 2 . Electrodes were pressed on both sides of the sample. No difference was observed if gold or copper electrodes were used. All samples were kept in 75% relative humidity (r.h.). Quasistatic resistivity and I-V curve measurements were performed by a Keithley 617 programmable electrometer. Frequency dependent conductivity ( ( ) = 0 ) was measured between 20 Hz and 1 MHz via measurements of the imaginary part ( ) of the complex dielectric constant ( * = − i ) by using a HP4284A Precision LCR meter. Figure 1 shows typical I-V curves measured at three different temperatures for wet spun Li-DNA samples measured perpendicular to the long DNA orientational axis. Wet spun Li-DNA bulk samples exhibit no visible plateau in the I-V curve at room temperature, which is similar to measurements on (Zn) -DNA [12] and on Li-DNA parallel to the long axis [7] . This indicates that the gap voltage is smaller than the value which can be resolved at room temperature.
With decreasing temperature the electric current at given voltage decreases by more than one order of magnitude per decrease in temperature of about 20 K (see Figs. 1(a)-(c) ) as a consequence of increasing resistivity of the sample with decreasing temperature. The influence of the electric field on the temperature dependence of ⊥ (T , E) was verified by measuring the conductivity upon cooling the sample at two different values of the DC voltage. Figures 2(a) and 2(b) show temperature dependence of ⊥ , taken at 20V corresponding to an electric field of 57.14V/cm, and those taken at 50V corresponding to 142.86V/cm. The time scale of the quasistatic experiment determined from the temperature cooling rate, was estimated to be of the order of 1 mHz.
The electrical conductivity perpendicular to the DNA orientational axis, ⊥ (T ), decreases strongly below room temperature with a crossover to a saturated constant value at temperatures below 230 K, which is similar to observations at microwave and optical frequencies [18, 19] . It was found that this crossover in our data is partially a consequence of the thermocouple voltage offset in resistance measurements due to the unavoidable temperature gradient in the lead wiring. This offset thermocouple current limits the lowest value of electrical conductivity and reflects itself in temperature dependence of as a nearly constant background (constant B in Fig. 2) . The thermal offset current (constant B), which is present in the same polarity was independently determined in a separate measurement by so called "offset compensation technique" in which the polarity of the measuring voltage is reversed every other reading. Although this effect of experimental origin is dominant above 230 K it will be shown that actual crossover to almost temperature independent does in fact take place below 220 K. Taking the above experimental effect into consideration it was found that the temperature dependence of the conductivity could be well described by a thermally activated Arrhenius law (Eq. (1)) (see Figs. 2(a) and 2(b) for fit parameters) down to about 220 K. Below this temperature the resistivity exceeds the value limited by the electrometer. Our data shows that the crossover to weak temperature dependence takes place below 220 K, in contrast to high frequency data [18] , where the above crossover takes place around 250 K. The difference in the crossover behavior and the difference in the activation energies (approximately 0.9 eV for our quasistatic data and approximately 0.3 eV for high frequency data [18, 19] ) may indicate that some additional processes may contribute to the electric conductivity at frequencies above 10 GHz. Similar to what was found in data [7] , data presented in Figs. 2(a) and 2(b) show that the electric field dependence of (T , E) is mainly hidden in the field dependence of the prefactor 0 in Eq. (1). Namely, by increasing the electric field by a factor of 2.5, 0 increases by more than two orders of magnitude, while the activation energy U changes very slightly. It thus seems that the nonlinear I-V curves are mainly a consequence of the electric-field induced increase of the charge carrier number.
Measurements of (T , E) performed parallel to the DNA long orientational axis [7] indicate a weak anisotropy of ⊥ / ≈ 3 around room temperature.
It should be noted that the temperature dependence of presented in Fig. 2(b) could also be fitted to the variable range hopping ansatz (Eq. (2)), which is presented in Fig. 3 (see Fig. 3 for fit parameters). Detailed fits statistically slightly favor the thermally activated mechanism against the variable range hopping mechanism, although the latter cannot be completely excluded.
In order to check the influence of the experimental time scale on the temperature of the crossover offset to the weak temperature dependence of we performed additional measurements of ( , T ) at various frequencies. Figure 4 shows temperature dependence of electrical conductivity ( , T ) measured parallel to the DNA long orientational axis at frequencies of 1 MHz 210 Z. Kutnjak , C. Filipič, R. Podgornik, L. Nordenskiöld and N. Korolev   Fig. 3 . Temperature dependence of the electric conductivity, the data are the same as in Fig. 2 (b) . Shown is a fit to an ansatz describing the variable range hopping (Eq. (2)). and 10 kHz. Data presented in Fig. 4 represent effective conductivity ( ) = 0 deduced from the measurements of the imaginary part of the complex dielectric constant. In case of ac conductivity measurements there is no problem with the thermocouple voltage offset, as in the case of dc type of measurements. Namely, the polarity of the measuring voltage is reversed every sine period.
Electrical conductivities ( , T ) at different frequencies decrease strongly below room temperature with a crossover to saturated almost constant values at temperatures below ∼150 K. It is shown that the actual crossover temperature depends on the frequency. Data taken at higher frequencies exhibit the crossover at higher temperatures. This explains the huge difference between the crossover onset obtained at GHz frequencies and in our mHz data. According to the theoretical calculations [6] , the results obtained at high frequencies and temperatures, the conductivity in DNA indicates variable range hopping mechanism, which is demonstrated by exponential temperature dependence of the frequency dependent conductivity and its decrease with decreasing frequency. At lower temperatures a crossover occurs to a mechanism with rather small activation energy or a multi channel tunneling [6] .
The inset in Fig. 4 shows the frequency dependence of the quasistatic and low frequency electrical conductivity (20 Hz-1 MHz), which changes with the frequency almost linearly. Recently, it was shown [7] , that frequency dependent conductivity data in the frequency range of approximately 10 −3 Hz-10 15 Hz agree qualitatively well with theoretical calculations assuming the variable range hopping hole conducting mechanism, calculated for aperiodic nucleotide base stacks [5] . Thus, temperature dependence as well as the frequency dependence of the electrical conductivity both qualitatively well agree with theoretical predictions [6, 7] , which means that the hopping hole mechanism is a dominant mechanism in electrical conduction in DNA.
Conclusions
The temperature and frequency dependences of ⊥ were found to be similar to , though small anisotropy ⊥ / ≈ 3 was found. In conclusion, the nonlinearity of the I-V curves could be attributed to the electric-field induced increase of the charge carrier number. The temperature dependence of the quasistatic electrical conductivity above 230 K can be rather well described either by the activated Arrhenius law, with an activation energy of approximately 0.9 eV, or by the variable range hopping ansatz. The frequency and temperature dependence of the electrical conductivity below 1 MHz together with earlier high frequency data agree qualitatively well with theoretical results based on the hopping hole conduction mechanism [5, 6, 7] . In particular, the general frequency dependence agrees qualitatively well in more than 18 orders of magnitude with theoretical predictions [5, 7] . Moreover, the temperature dependence in a wide temperature range agrees also rather well with theoretical predictions [6] , suggesting, that the variable range hole hopping mechanism is a dominant mechanism in electrical conduction in native DNA.
